Measuring the metal content of periphyton is a means of evaluating the state of metal contamination in the environment with respect to levels of metals and their bioavailability. The aim of this study was to identify relationships between the dissolved metal concentrations and the total or intracellular metal concentrations in the periphyton from two rivers. Metal levels at non-contaminated sites were comparable in both rivers (0.07 -0.71 µmol Cu g -1 dw and 0.22-4.36 µmol Zn g -1 dw). The metal content of periphyton from three sites of the Birs River was generally reflective of the dissolved Cu and Zn concentrations in the water. In contrast, metal content in periphyton Aquat. Sci. 64 (2002) 300 -306 1015-1621/02/030300-07 © EAWAG, Dübendorf, 2002 Aquatic Sciences from two sites of the Thur River did not reflect the dissolved metal concentrations in the water, probably due to speciation effects. Nonexchangeable (intracellular) metal determined after washing of periphyton samples with EDTA was variable and unpredictable when considering total metal content only. The different relationships in the two rivers between the metal contents in periphyton and the dissolved concentrations indicate the influence of speciation on adsorption and bioavailability. Results are discussed in respect to the significance of metal content as a tool for evaluating metal bioavailability.
Introduction
Contamination of the aquatic environment by heavy metals occurs as the result of various human activities. Water quality criteria are used for regulating environmental metal concentrations in order to protect living systems from adverse effects of elevated ambient metal concentrations. Appropriate management tools are needed to provide information on metal concentrations, and their changes, in the environment. Usually chemical analyses of water or sediment are employed to evaluate the state of aquatic systems with respect to metal concentrations. Yet, this information does not give an indication on the various forms of metals occurring in waters or the fraction of metal available for uptake by organisms, and hence their effects upon them.
Studies on the metal content of periphyton (benthic algal assemblages) also are being used to evaluate aquatic metal contamination and metal bioavailability. This approach is based on the rationale that metal bioavailability affects the metal concentration adsorbed to and accumulated in the organisms making up the community. Laboratory studies have demonstrated that the bioavailability of metals to algae is determined by the free metal ion activity (Sunda and Guillard, 1976; Anderson et al., 1978) . In contrast to these controlled laboratory studies, studies on periphyton have rarely examined the relationships among metal content in benthic algal communities, the water concentration of the metals (Ramelow et al., 1987; Whitton et al., 1989; Gupta, 1996) and metal speciation. Most studies only report on the metal content and the derived accumulation data are used directly to infer envi-ronmental changes in metal concentrations. Moreover, metal content measurements often rely on a single sample despite the fact that data are subject to temporal variability. Factors that may be important include the metal speciation in the water column, the periphyton composition in terms of algal species and the quantity of metal oxides associated with the periphyton mat. These factors are all subject to temporal dynamics in the environment. The appropriateness of periphyton as an indicator of bioavailability of metals thus depends on an understanding of the variability of the metal content in communities from unpolluted sites. Before using metal content data for management purposes, relationships between content and metal concentrations should be made clear and variability should be quantified. This is particularly important at metal concentrations lying only slightly above corresponding water quality criteria limits. Previous studies on the long-term effects of metals on periphyton did show the sensitivity of some algal species towards very low metal concentrations (Gustavson and Wängberg, 1995; Soldo and Behra, 2000) .
In this study, we have measured the temporal and spatial distribution of copper and zinc in two rivers moderately polluted by metals. Our aim was to quantitatively evaluate the relationship between ambient dissolved metal concentrations and the metal content of periphyton by collecting water and periphyton simultaneously. Moreover, we examined and compared intra-site variability of metal content in periphyton taken from stone surfaces and from synthetic glass substrates. The results are discussed in respect to the utility of periphyton for showing patterns of metal contamination in rivers.
Materials and methods

Study sites
The Birs River (Switzerland) flows over a length of 73 km from the Jura region to the Rhine River through a catchment dominated by carbonate rocks. Its alkalinity ranges from 2 to 4 mM and its pH from 8.0 to 8.5. Based on previous metal analyses, the Birs is considered as moderately contaminated (Jakob et al., 1994) . Three sampling sites were selected along the first 35 km of the river as examples for various pollution levels. Site 1, which is uncontaminated by metals, is located 2.9 km from the river source. Site 2, at km 6.1, is located downstream from a water treatment plant that receives the input of a metallurgical plant. Site 3 is located 9 km downstream from a metallurgical plant at km 34.1.
The Thur River (Switzerland) flows over a length of 134 km from the Toggenburg region to the Rhine River. Its alkalinity ranges from 3.5 to 4.5 mM and its pH from 8.0 to 8.5. Two sampling sites were selected. The uppermost site ("Necker"), at the mouth of a tributary of the Thur River, has background levels of metals. The "Andelfingen" site at km 125 is a contaminated site affected by agricultural and sewage inputs. Both sites are similar with respect to the geochemical background, consisting mostly of carbonate rocks.
Sampling and analytical methods
Sampling of periphyton, sediments and water was coordinated. The Birs sites were sampled 3 -5 times for determination of intracellular metal (see below) over nine months starting in June 1996. The Thur sites were sampled 4 times over six months starting in November 1998. The river bed of the Birs River was covered with stones. Fine sediments were only present as a thin layer on the stones and were collected as a slurry. The slurry of surface sediments was collected from the Birs River bed by sucking with a hand pump producing a vacuum in a flask connected to teflon tubing. This sediment suspension was collected in 2-L polyethylene bottles. In the laboratory, the sediments were allowed to settle, and then sieved sequentially through 122 µm-and 63 µm-mesh nets. The fraction < 63 µm was freeze-dried and stored for analysis. Aliquots (40 -50 mg) were digested with concentrated HNO 3 (4 mL) and H 2 O 2 (1 mL) in a microwave digestion system (Microwave Laboratory Systems, mls 1200 mega). The digested samples were diluted to 50 mL under a clean bench. The concentrations of Zn and Cu were measured by ICP-OES (Perkin-Elmer Elan 5000). The accuracy of the metal measurements in sediment samples was checked regularly using a reference sediment (NBS Buffalo River sediment 2704).
Water samples for metal analysis were collected in clean, acid-washed polypropylene bottles and placed in plastic bags in the field. Plastic gloves were worn for sample handling. Samples were collected by hand from the Birs River and using a peristaltic pump from the Thur. Before measurement, samples from the Birs were filtered under a clean bench using an acid-cleaned polysulfone filtration unit and acid-cleaned cellulose nitrate filters (0.45-µm, Sartorius), and acidified to 0.01 M HNO 3 . Details of the analytical procedure to determine dissolved metal concentrations in the Thur samples have been reported previously (Sigg et al., 2000) .
Cu in whole and in filtered water samples was measured directly by graphite furnace AAS (Varian GTA-95) for the Birs samples and by ICP-MS for the Thur samples. In the Birs samples, Zn was determined by flame AAS after preconcentration as described in Sigg et al. (1996) . Zn in the Thur samples was determined by ICP-MS. The detection limits were 0.2µg L -1 (3 nM) for Cu and Zn in the Birs samples, and 0.01 µg L -1 (0.2 nM) for Cu and Zn in the Thur samples, as determined from calibration curves.
Field blanks (bottles treated in the same way as samples) were taken on a regular basis. Blank values were <0.03 µg L -1 (0.4 nM) for Cu and < 0.3 µg L -1 (5 nM) for Zn. The accuracy of the metal determinations by ICP-MS was checked on a regular basis using SLRS-3 reference water (National Research Council Canada).
Teflon racks, holding eight microscope slides (76 ¥ 26 mm) on each side, were used for periphyton colonization in the Birs River. Three racks were fixed within a 6 ¥ 3 m area at each site with the slides sitting about 20 cm below the water surface, and their long axes parallel to the current. Periphyton from each of the three racks was examined separately by sampling 2 -4 slides from each rack. Periphyton from the Thur River was collected by scraping biotic and abiotic material from stones with glass slides. On each sampling date periphyton was separately sampled from 5 locations at each site of the two rivers. Periphyton samples were transported to the laboratory in bottles containing river water collected at the same site and analyzed separately.
Periphyton samples for metal analyses were suspended in filtered river water (0.45 µm, Sartorius). Samples were examined microscopically and were found to be a homogenous suspension of algae and bacteria. Periphyton was separated from sediment particles (inorganic material) by decantation and 2 -3 washings with river water. Mineral particles were found embedded in periphyton collected from stones (Thur), whereas only minimal amounts of these particles were found on the glass slides (Birs), presumably because the vertical orientation of the slides with respect to the water surface minimized particle entrapment. Three aliquots of each final suspension were filtered through 0.45 µm pore-sized acid-washed cellulose nitrate filters (Sartorius). The filters were dried for 15 h at 50°C and the dry weight of the periphyton was measured. The filters were placed in Teflon digestion flasks containing 4 mL 65% HNO 3 and 1 mL of 30 % H 2 O 2 . Periphyton was digested in this mixture for 13 min in a microwave oven. The digestion solutions were transferred into graduated flasks, and the volume was adjusted to 25 mL with nanopure water.
In order to discriminate between metal adsorbed to abiotic or biotic material and intracellular metal, three aliquots of each sample were treated with 4 mM EDTA at pH 8.0 for 10 min. These conditions were applied because periphyton samples are predominantly composed of algae and bacteria. EDTA washings were carried out in homogeneous suspensions. The intracellular accumulated metal was operationally defined as the metal content determined after the EDTA wash (Knauer et al., 1997) . Adsorbed metal was calculated as the difference between the metal content before and after washing with EDTA. Metal concentrations in periphyton from the Birs were measured by furnace (Cu) and flame (Zn) atomic absorption spectrometry (AAS, Perkin Elmer 5000). Metal concentrations in periphyton from the Thur were measured by ICP-MS (Perkin Elmer 5000).
Statistical analysis
Metal content data were evaluated statistically in two ways. First, Cu and Zn content in periphyton were regressed against metal concentrations in the river water. Second, differences in metal content data between sites were analyzed using one-way analysis of variance (ANOVA). Statistical significance of differences in metal content between sites was examined using Tukey's Honest Significant Difference Test for means with different sample sizes. The tests were performed on log 10 transformed data after having tested for normality and homogeneity of variance using Kolmogorov's and Levene's test, respectively. All statistical analysis were computed with the software package STATISTICA (StatSoft Inc., 1994) .
Results
Concentrations of Cu and Zn in water and periphyton from the Birs and Thur Rivers are presented in Tables 1,  2 , 3 and in Figures 1 and 2 . Each point represents the average of three to five samples collected separately during one sampling campaign. In the Birs River, Cu and Zn content in periphyton generally increased with increasing dissolved metal concentrations, although with a certain variability (Fig. 1 ). Significant linear regressions were found between Cu concentrations in periphyton and water (r 2 = 0.25, P < 0.005). For Zn, the slope of the regression became highly significant (r 2 = 0.79, P < 0.005) when the extreme low content value corresponding to 563 nM Zn in water was omitted from the analysis. This value was not considered since it was obtained from analyzing only one instead of three periphyton samples. The three sites of the Birs differed in their dissolved Cu and Zn concentrations (Table 1) . Site 3 was mostly contaminated with Cu, and site 6 with Zn. Correspondingly, the copper content in periphyton at site 3 was significantly higher than at site 1 (P = 0.0001) and 6 (P = 0.0001). Zn in periphyton was significantly higher at site 6 in comparison to the background site 1 (P = 0.001). The increase in dissolved Cu and Zn concentrations also was clearly visible in the sediment concentrations (Table 1) .
Cu and Zn concentrations in the Thur were lower than in the Birs, both for water and periphyton. Although dissolved Cu and Zn concentrations increased from the Necker to the Andelfingen sites, the Cu and Zn contents in periphyton did not clearly differ between these sites (Table 3, Fig. 2 ). The concentrations of Cu and Zn in periphyton collected from the unpolluted Necker site and from the site 1 of the Birs were in a similar range (Tables  1, 2 , and 3).
The non-exchangeable Cu and Zn content in periphyton after the EDTA wash were generally similar to those determined without an EDTA wash (Tables 2 and 3 ). At the non-contaminated site in both rivers, non-exchangeable Cu represented 80 to around 100 % of the total measured content. At other sites, non-exchangeable contents were as low as 28 % of the total Cu. Non-exchangeable Zn was generally high and ranged from 52 to around 100% in samples from all sites in both rivers, though samples with only 16 % intracellular bound Zn were found (Table 3) .
Within-site variability of metal content in periphyton was estimated for all study sites (Table 4) . Coefficients of variation were generally lower for periphyton from the Birs, which had developed on glass slides, than for periphyton from the Thur, which was collected from stones. Within-site variability was similar at non-contaminated and contaminated sites. 
Discussion
The metal concentrations in periphyton from the River Birs differed among sites and temporally within sites. Generally, increases in dissolved Cu and Zn concentrations in the water were reflected by increased metal concentrations in periphyton (Fig. 1) and sediments. Determination of concentration ranges for each site are clearly indicative of differences in ambient metal concentrations among the sites (Tables 1 and 2 ). The Cu content of periphyton from the non-contaminated site in the River Birs varied ten-fold from 0.07 to 0.70 µmol Cu g -1 dw, with a three-fold variation in water concentration (6 -17 nM). A similar but narrower range (0.17 to 0.23 µmol Cu g -1 dw) was found in periphyton from the non-contaminated site of the Thur. Though comparative field data from noncontaminated sites are scarce, Ramelow et al. (1987) and Gupta (1996) reported values for Cu contents in periphyton in the range found in this study. Similar values also were reported for Cladophora, a filamentous algal species previously suggested to be suitable for monitoring heavy metals in waters (Whitton et al., 1981) . In this alga, water concentrations of 5 nM were associated with a Cu content of 0.4 µmol g -1 dw (Oertel, 1991) . In laboratory studies the green alga Scenedesmus subspicatus was found to accumulate 0.03 µmol g -1 dw at 10 -14 M free Cu 2+ concentrations (Knauer et al., 1997) . To compare the Cu content in periphyton from various origins, information about the Cu speciation in water is needed.
At the non-contaminated site in the River Birs, dissolved Zn ranged from 11 to 38 nM and Zn in the periphyton ranged from 0.2 to 4.4 µmol g -1 dw. Comparable values have been found in periphyton (Ivorra et al., 1999; Lehmann et al., 1999) and in Cladophora (Whitton et al., 1989) at non-contaminated river sites. The comparison of the Cu and Zn content data in this study with data from the literature shows that values are similar. This is an interesting point because the data concern periphyton assemblages that differ in their biotic composition or even single algal species, and they suggest a similar relationship between Cu or Zn content and the corresponding aqueous metal concentration.
In contrast to what was found in the Birs, increased dissolved Cu and Zn concentrations in the River Thur were not clearly reflected in an increased Cu content in periphyton (Fig. 2) . This may be due to speciation effects of Cu and Zn. In the case of copper, Cu 2+ concentrations were within the same narrow range (log [Cu 2+ ] = -15.1 to -15.6) at both sites (Sigg et al., 2000) . According to the free-ion activity model, the free-metal ion activity determines the uptake and effects of metals in aquatic organisms (Sunda, 1988 (Sunda, -1989 Campbell, 1995) . In the River Thur, the increase in dissolved Cu is matched by an increase in ligand concentration and stability that keeps Cu 2+ at low levels (Sigg et al., 2000) , thereby limiting metal uptake by periphyton at higher Cu concentrations. A similar effect is conceivable for Zn, but the Zn speciation was not examined in these samples. The free ion activity of competing or interacting metal ions may also have influenced metal uptake. Culture experiments with Chlamydomonas sp. have indicated complex antagonistic interactions between Cu, Zn and Mn in controlling Zn and Mn uptake (Sunda and Huntsman, 1998) .
The metal measured in periphyton samples includes the fractions taken up by organisms and those interacting with abiotic components of the periphyton assemblages. The latter includes a heterogeneous organic polysaccharide matrix that varies in composition according to the biotic species composition, as well as inorganic material that may be variably rich in manganese and iron oxides (Newman and McIntosh, 1982) . In this study, biouptake was estimated by measuring metal content in periphyton after washing the samples with EDTA. Due to its strong binding of metals, EDTA is expected to complex any metal adsorbed to the abiotic part of periphyton or to organism surfaces, whereas metal bound in particles may not be removed. Comparisons of content data before and after the EDTA wash indicated that a variable fraction of the total metal content could be removed by EDTA. At the non-contaminated Birs site and at both sites of the Thur, the major part of total Cu could not be removed. At the two other sites, and at all sites in both streams for Zn, non-exchangeable metal ranged from 16 to about 100 % of the total content despite the fact that samples were selected for their thick algal mat. Moreover, a major part of fine inorganic sediments were removed from the samples through washing before metal analyses. The presence of Mn and Fe oxides also could influence the sorption of metals to periphyton, as shown for nickel (Gray et al., 2001) . Material of biological origin, such as the organic polysaccharide matrix in which periphytic organisms are embedded (Genter, 1996) , also may influence the speciation locally and thus the availability of metals to the organisms within the periphytic mat. This depends on whether the free ion concentration at the surface of algal and bacterial cells within the periphyton assemblage is at equilibrium with that in bulk river water.
Coefficients of variation for metal content were compared between the Thur and the Birs in order to evaluate the utility of collecting periphyton on artificial substrates to reduce within-site variability in metal content. Indeed, Cu and Zn content variability was lower for periphyton growing on artificial substrates than on natural substrates (Table 4 ). The high intra-site variability in the Thur samples may be explained by differences in geometry and age of the organisms making up the periphyton mat. Thick mats collected from stones include dead organisms located in deeper, packed layers that were observed to be almost dry. Metal diffusion to these layers may be negligible, and thus not respond to changes in ambient metal concentration. However, upper layers include living organisms associated within a more fluffy layer similar to that found on synthetic substrates. These algal layers are exposed to the water column, which may allow metals to diffuse into the layer, thus better reflecting changes in ambient water concentration.
Periphyton has frequently been used for the identification of metal-contaminated sites (Ramelow et al., 1992; Kiffney and Clements, 1993; Beltman et al., 1999; Lehmann et al., 1999; Hill et al., 2000) , but to our knowledge ranges in metal content that reflect background soluble metal concentrations have not been determined before. This information is necessary in order to distinguish between background contents and those occurring at elevated metal concentrations. The results of this study confirm the appropriateness of using periphyton collected from artificial substrates for monitoring ambient metal concentrations, also when dissolved concentrations are only slightly higher than corresponding background concentrations. The different dependence in the two rivers of the metal contents in periphyton from the dissolved concentrations suggests an influence of speciation on adsorption and bioavailability. Further investigations are needed to better understand the relationships between metal speciation and metal content in periphyton.
